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We present a chemomechanical network model of the rotary molecular motor F1-ATPase 
which quantitatively describes not only the rotary motor dynamics driven by ATP hydrolysis 
but also the ATP synthesis caused by forced reverse rotations. We observe a high reversibility 
of F1-ATPase, i.e., the main cycle of ATP synthesis corresponds to the reversal of the main 
cycle in the hydrolysis-driven motor rotation. However, our quantitative analysis indicates that 
torque-induced mechanical slip without chemomechanical coupling occurs under high 
external torque and reduces the maximal efficiency of the free energy transduction to up to 
several ten percent below the optimal efficiency. Heat irreversibly dissipates not only through 
the viscous friction of the probe, but also directly from the motor due to torque-induced 
mechanical slip. Such irreversible heat dissipation is a crucial limitation for achieving a 100% 
free-energy transduction efficiency with biological nanomachines, since biomolecules are 
easily deformed by external torque. 
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Many active processes in cells are based on the function of molecular motors, which convert chemical 
(free) energy into work 1,2. These molecular motors provide realizations of nanometer-scaled 
thermodynamic machines and can thereby act as test cases for the recently developed stochastic 
thermodynamics that applies to such small isothermal systems 3-5. The paradigmatic system of this 
type is a molecular motor working against an external load force or torque, while provided with a 
given concentration of its fuel (such as ATP) 6,7 or, more generally, of the reactants involved in the 
chemical process that powers the motor (such as ATP, ADP, and inorganic phosphate (Pi)) 8-10. Key 
questions for understanding the thermodynamics of these motors are the efficiency and reversibility of 
that energy conversion. In this context, the rotary motor F1-ATPase has played an important role due to 
its reversibility. F1-ATPase is the catalytic domain of the FoF1-ATP synthase that in cells synthesizes 
ATP from ADP and Pi using a proton flux through the membrane-embedded Fo protein as the 
free-energy input 11-14. In vitro, F1 alone acts as a rotary motor, rotating the central 𝛾 subunit against 
the hexagonally arranged subunits 𝛼#𝛽# 6,13,15-18, driven by the hydrolysis of ATP. Consistent with its 
function as an ATP synthase in vivo, it has been demonstrated that a forced reverse rotation of the 𝛾 
subunit causes ATP synthesis 19,20. By contrast, the linear motors kinesin-1 and myosin-V have been 
shown to hydrolyze ATP under forced backward motion due to superstall loads 21-23 or to move 
backwards with neither hydrolysis nor synthesis of ATP 24,25, respectively. Related to the issue of how 
a motor responds to superstall loads are the questions whether a stalled motor is in thermodynamic 
equilibrium 26 and what the maximal efficiency of the chemomechanical free-energy transduction is. 
Different definitions for the efficiency of molecular motors have been used 27. Here we use the 
classical thermodynamic definition as the ratio of work done to chemical energy consumed by the 
system (or work done per forward step divided ATP hydrolysis energy times the average number of 
ATP molecules consumed during the forward step). For kinesin-1 the latter is estimated to be about 
0.56 based on tight coupling of ATP hydrolysis and stepping with one molecule of ATP hydrolyze per 
step forward 28,29, but lower efficiencies have been determined by including ATP-dependent backward 
steps or chemical slip cycles 22,23. These events reflect the irreversibility of the working cycle and 
irreversible internal heat dissipation 30-32 where more than one ATP molecules are, on average, 
consumed during a forward step under load 23,25. For F1-ATPase, however, the reversibility of the 
working cycle 19,20 and recent progress in understanding the energetics of the motor 9,10,33-36 suggest a 
tight coupling between the chemical reactions and the mechanical rotation and the possibility of nearly 
100% chemomechanical free-energy transduction efficiency 9,10. 
F1-ATPase has been theoretically studied by molecular simulations 37-47 and stochastic 
modeling 27,48-54. However, only a few quantitative studies have investigated the energetics of 
F1-ATPase 27,52. Here, we use a chemomechanical network approach to the F1-ATPase to address those 
questions, based on the network theory originally introduced for linear motors such as kinesin-1 55-58. 
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The network approach is based on the known reaction scheme for F1-ATPase 6,18,33,59-63, while allowing 
for alternative working cycles, and describes the F1 both in the rotary motor mode and in the ATP 
synthesis mode. We compare the theoretical results with data from recent experiments on the 
external-torque-dependent rotational rate against different viscous loads and under various chemical 
conditions and on the heat that irreversibly dissipates through the viscous friction of a probe 9,64. The 
comparison indicates an important role for torque-induced mechanical slip, which limits the efficiency 
of chemomechanical free energy transduction. The motor’s efficiency is rather high, but remains 
substantially below 100%. The energetics revealed by our analysis is interpreted by means of the 
trade-off relation between heat arising from the viscous friction of the probe and heat caused by the 
mechanical slip. In addition, our approach also sheds light on the kinetics of the motor as represented 
by a network structure consisting of multiple chemomechanical cycles. Pi release is the second 
rate-limiting process and plays a role as the trigger of the torque generation by the 40º rotation that is 
the primary rate-limiting step 62. These results are consistent with atomistic molecular dynamics 
simulation as well 40,41,44-46. 
 
Chemomechanical network modeling of F1-ATPase. To describe the dynamics of the rotary 
molecular motor F1-ATPase, we make use of a systematic chemomechanical network approach that 
was previously used for linear molecular motors 23,25,55,58. This approach starts by identifying the 
chemical states of all motor subunits. F1-ATPase is composed of the 𝛼#𝛽# stator hexagonal ring and 
the rotary shift of the 𝛾 subunit, which is inserted into the 𝛼#𝛽# ring 15. The catalytic sites are 
located at the interfaces between the 𝛼 and 𝛽 subunits, mainly on each 𝛽 subunit. Thus, three 
catalytic sites are arranged 120º apart around the 𝛾 subunit. Each catalytic site can be empty (E), 
occupied by ATP (T), by ADP and Pi (DP), and by ADP (D) or Pi (P), as assumed previously in several 
models 48,49,65-67. Thus the 𝛼#𝛽# ring can attain 4# = 64 possible chemical states. To simplify this 
network and to reduce its size we merge the hydrolyzed ADP.Pi state into the ATP state and 
furthermore only consider the occupancy number of the catalytic sites shown in Fig. 1a. Thus, the 
nucleotide state in each catalytic site is not explicitly identified in this simplified model, while the 
chemical reaction that takes place in one of the three catalytic sites is expressed as the transition 
between those states: the vertical downward and upward edges correspond to ATP release and binding, 
respectively; the edges pointing toward the lower left and toward the upper right direction describe the 
release and binding of ADP, respectively; the edges pointing toward the lower right direction and 
toward the opposite direction are the release and binding of Pi, respectively. Each facet of this diagram 
corresponds to one conceivable chemical cycle of the motor. However, based on experimental 
observations, not all these cycles are used. Indeed, experiments point towards the subspaces A or B 
indicated by the red or blue transparent rhombus panel shown in Fig. 1a as the basic chemical cycles 
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in the chemomechanical network of F1-ATPase.  
It has been shown that the rotation of F1-ATPase occurs in steps of 120º, each driven by 
hydrolysis of one ATP molecule 33,68, and the 120º step consists of 80º and 40º substeps 18,59,69,70. The 
80º substep is driven by ATP binding and the 40º substep by release of ADP or Pi 18. Two models for 
the 120º step of F1-ATPase that are consistent with these observations are shown in Fig. 1b and 1d, 
based on the subspaces of chemical states, A and B, respectively. The 0º dwell (after the 40º substep) 
waiting for ATP binding is considered as having the loose packing conformations of the 𝛼#𝛽# ring, 
while the 80º dwell (after the 80º substep) waiting for ADP or Pi release is considered as having the 
tight packing conformations 40-42,44,46,71. In Figs. 1b and 1d, the black horizontal arrows from state 1 
(T3) to state 5 (<T3>) and from state 7 (<T2E>) to state 3 (T2E) indicate the forward 80º and 40º 
substeps, respectively. In addition, we introduce 120° forward and backward torque-induced 
mechanical slip transitions, indicated by the black cyclic arrows at the 80º and 40º dwells (see also 
Calculation details in the Supporting Information (SI)). Such mechanical slip can be caused by a 
distortion of the F1-ATPase due to high external torque. The impact of the mechanical slip transitions 
is discussed below by comparing the experimental observations with the theoretical results for the 
models with and without mechanical slip. In Figs. 1b and 1d, the three circles with the letters T, D, P, 
and E and the black thick short arrow represent the chemical states of the catalytic sites on the three 𝛽 
subunits and the angular position of the 𝛾 subunit, respectively. The single and double asterisks 
added to the letter T indicate that the ATP molecule has already being bound during more than a 
one-step (120º) or than a two-steps (240º) rotation, respectively. As a result, the double asterisk 
implies the tightly closed conformation in the catalytic domain ready for the chemical reaction, Pi 
release or ADP release (e.g. the 5-to-8 or 5-to-6 transition, respectively, in Figs. 1b or 1d).  
The models shown in Figs. 1b and 1d thus incorporate the reaction schemes and the 
chemical states that have been proposed based on experimental observations 60,61,63. We note the 
one-to-one correspondence between the two models due to the identical network topology and 
chemical reactions, despite the fact that the chemical states assigned for each catalytic site are different 
in these two models. For instance, both the 8-to-7 transitions in Figs. 1b and 1d correspond to Pi 
release. In the following, we will use the notations of model A, but all our results apply to model B as 
well. Thus, our theoretical modeling cannot discriminate between these two models, but it can reveal 
which of the transition pathways, i.e. |587> or |567> appears in the main working cycle on the 
ATP-driven forward rotation. Thereby, this model allows us to test the proposed reaction scheme 44-46,61, 
that is, whether or not the torque generation upon the 40º substep is triggered by Pi release (the 8-to-7 
transition). Details of the network modeling are provided in the SI text. 
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Figure 1. Chemomechanical network modeling of F1-ATPase. (a) An occupancy diagram of three 
catalytic sites by the nucleotide molecules, ATP (T), ADP (D), and inorganic phosphate Pi (P). The 
edges correspond to chemical reactions and “E” denotes the empty for a catalytic site. (b) and (d) 
Chemomechanical network models of F1-ATPase that are formed using respectively the state spaces A 
and B indicated by red and blue transparent rhombus panels in Fig. 1a. (c) The probabilities of the 0º 
dwell state (waiting for ATP binding) after 40º substep and of the 80º dwell state after 80º substep, at 
three ATP concentrations. These values are for the case observed with the use of a 40-nm bead 18 
calculated by the eight-state model shown in Fig. 1b. In Figs. 1b and 1d, the black horizontal arrows 
indicate the rotational transitions with 80º or 40º that are coupled to the chemical transitions, while the 
black cyclic arrows indicate rotational slip transitions with 120º that are forced by external torque. The 
three circles with the letters T, D, P, and E and the black thick short arrow represent the chemical states 
of the catalytic sites on the three 𝛽 subunits and the angular position of the 𝛾 subunit, respectively. 
The single and double asterisks added to the letter T indicate that the ATP molecule has already being 
bound during more than a one-step (120º) rotation and more than a two-steps (240º) rotation, 
respectively. The chemical states shown in these models basically accord to the reaction schemes 
proposed on the basis of experimental observations 60,61,63. The four chemical states at the 0º dwell 
(after 40º substep) and at the 80º dwell (after 80º substep) are respectively supposed to have the loose 
packing and tight packing conformations, that have been demonstrated by molecular dynamics 
simulations 40,41,44,46.  
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Motor properties of F1-ATPase. First of all, to validate the eight-state model shown in Fig. 1b, we 
compare motor properties of F1-ATPase calculated with the eight-state model to the experimental data. 
Figure 1c shows the probabilities of the 0º dwell state after the 40º substep (waiting for ATP binding) 
and of the 80º dwell state after the 80º substep at ATP concentrations of 2 mM, 20 µM, and 2 µM. The 
results obtained by the eight-state model are consistent with the histograms of angular positions 
experimentally determined by the stepping rotation of a 40-nm bead 18. At the lowest ATP 
concentration (2 µM), the probability of the 0º dwell is higher than that of the 80º dwell, indicating 
that ATP binding is a rate-limiting process. At the highest ATP concentration (2 mM), the probability 
of the 80º dwell is higher than that of the 0º dwell, implying that either ADP release, Pi release or the 
40º substep is a rate-limiting process. 
Figure 2a compares our theoretical results to experimental data 18 for the rotation rate V 
subject to two different loads attached the motor, a 40-nm bead and a 1-µm actin filament. In the 
model, the effect of viscous friction of the probe on the rotation rate is taken into considerate by 
multiplying the rates of all forward and backward mechanical transitions by a single scaling factor. 
The use of this single scaling factor leaves the steady-state balance condition intact 23,56,72 and does not 
affect the chemical transitions. For both probes, the rotation rates increase with increasing ATP 
concentration and saturates at different maximum values. 
Next, we turn to the thermodynamic properties of the motor. Toyabe et al. performed 
experiments under different thermodynamic conditions, specifically constant chemical potential and a 
constant ATP concentration using a 287-nm bead as the probe 10. Figures 2b and 2c show the torque 
dependence of the rotation rate V at various concentrations of ATP, ADP, and Pi. In Fig. 2b, a chemical 
potential difference ∆𝜇 is held constant through the conditions [ATP]=[ADP] and [Pi]=1 mM, while 
in Fig. 2c, [ADP] and [Pi] are varied to control ∆𝜇 under constant [ATP] = 10 µM. Here, ∆𝜇 is 
defined as the difference of the chemical potentials between one ATP molecule and one ADP plus one 
Pi molecule, i.e., ∆𝜇 = 𝑘B𝑇ln,𝐾./[ATP] [ADP][Pi]⁄ 3 73 with the equilibrium constant Keq= 4.9 x 1011 
µM 8. In both conditions, the eight-state model with mechanical slip provides a good agreement with 
the experimental results 10. The rotation rate V decreases as the external torque increases and a forced 
reverse (clockwise) rotation occurs at external torques larger than the stall torque 𝜏stall. Under the 
constant ∆𝜇 conditions [Fig. 2b], the values of 𝜏stall are very close to each other, even though the 
concentrations of ATP and ADP vary widely (subject to the constraint [ATP]=[ADP]). On the other 
hand, in Fig. 2c, the stall torque 𝜏stall obviously depends on the concentrations of ADP and Pi, even if 
the ATP concentration is constant. The relationship among ∆𝜇, 𝜏stall, and the effect of the mechanical 
slip will be discussed in Fig. 3.  
In Fig. 2d, the ratio of the number of backward (clockwise) rotations to the number of 
forward (anticlockwise) rotations is shown in semi-logarithm scale as a function of external torque. 
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The results given by the eight-state models with and without the mechanical slip transitions agree well 
with the experimental data from ref. 10. The effect of the mechanical slip is very small, indicating that 
this external torque dependence is attributable to the response of the chemomechanical coupling to the 
external torque.  
 
Figure 2. Motor properties of F1-ATPase. (a) ATP-concentration dependences of the rotation rate V 
using a 40-nm bead and a 1-µm actin filament as the probe. (b) and (c) External torque dependences of 
the rotation rate V using a 289-nm bead as the probe at various concentrations of ATP, ADP, and Pi; (b) 
[ATP]=[ADP] and [Pi]=1 mM where the chemical potential difference ∆𝜇 is kept to be constant and 
(c) [ATP] = 10 µM while [ADP] and [Pi] are varying to control ∆𝜇. (d) The ratio of the number of 
backward (clockwise) rotations to the number of forward (anticlockwise) rotations as a function of 
external torque using the 289-nm bead as the probe at 0.4 µM ATP, 4 µM ADP, and 1 mM Pi. In Fig. 
2d, the result obtained from the non-slip model, where no mechanical slip transitions are introduced 
into the eight-state model, is also shown for the comparison. The experimental results shown in (a) and 
(b)-(d) are provided by Yasuda et al. 18 and Toyabe et al., 10 respectively.  
 
Impact of the mechanical slip on the maximum work and efficiencies. Next, we compare 
the eight-state model with and without mechanical slip – hereafter we call the latter case the non-slip 
model – to examine effects of mechanical slip on motor properties. Figures 3a and 3b show the 
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maximum work done by the 120º rotation at the stall torque 𝜏stall, 𝑊stall = (2𝜋 3⁄ )𝜏stall, again under 
the two conditions of (a) constant ∆𝜇 and (b) constant ATP concentration as in Figs. 2b and 2c, 
respectively. In Fig. 3b, the experimental values for 𝑊stall are plotted as a function of ∆𝜇 that is 
provided by the equilibrium constant Keq= 4.9 x 1011 µM 8. Note that our ∆𝜇 values for each 
condition differ slightly from the values given by Toyabe et al. 10 because we use a different value for 
Keq than they did. The non-slip model gives values of 𝑊stall that are almost equivalent to those 
obtained in the tight-coupling limit, i.e. 	∆𝜇 . Under constant chemical potential (Fig. 3a), the 
experimental values of 𝑊stall  10 show clear deviations from the constant 𝑊stall  value in the 
tight-coupling limit (and thus also the non-slip model). These are particularly pronounced for low 
concentrations of ATP and ADP. Thus, the stall torque 𝜏stall depends on the concentrations of ATP and 
ADP, even when ∆𝜇 is kept constant [see also Fig. S2a in the SI text]. Likewise, the experimental 
𝑊stall values 10 deviate from the results of the non-slip model (Fig. 3b) and the discrepancy increases 
with increasing ∆𝜇 . These results are consistent with experimentally observed torque-induced 
mechanical slip behavior whose importance has been argued in the biological function point of views 
74.  
By contrast, the results obtained from the eight-state model with mechanical slip agree well 
with the experimental data in both cases. These observations indicate that the tight-coupling limit, 
which yields the perfect efficiency of the free-energy transduction, is not achieved by F1-ATPase and 
suggests that mechanical slip rotations that are caused by high external torques (stall or superstall 
torque) are the main reason for the observed reduction in that efficiency. Here, it should be noted that, 
in the case where the mechanical slip would occur, the stall torque is determined by the condition 𝑉 =
𝑉chem + 𝑉slip = 0 where 𝑉chem is the contribution to the rotation rate caused by the chemomechanical 
coupling, i.e., 𝑉15 + 𝑉73 , and 𝑉slip  is that caused by the mechanical slip, i.e., 𝑉? + 𝑉@  (see 
Calculation details in the SI text). The rotation rate provided by the non-slip model corresponds to the 
former 𝑉chem. The large deviation of 𝜏stall from the tight-coupling limit at low concentrations of ATP 
and ADP [Fig. 3a] and the increase in the deviation from the tight-coupling limit with increasing ∆𝜇 
[Fig. 3b] are quantitatively explained by the balance between 𝑉chem and 𝑉slip, as shown by Figs. S2b 
and S2d in the SI text. Similar deviations of 𝑊stall from the non-slip model value are also observed 
under different constant ∆𝜇 conditions, see Fig. S3. The quantitative analysis indicates that, under the 
stall torque, F1-ATPase is in a mechanical equilibrium, but not in thermodynamic equilibrium, where 
the ATP-driven forward rotation and the torque-induced mechanical (backward) slip occur with equal 
frequency, so that 	𝑉 = 𝑉chem + 𝑉slip becomes zero. 
Figure 3c shows the chemomechanical free-energy transduction efficiency, 𝜂m ≡
𝑊 (free	energy	gain)⁄ = (2𝜋𝑉 3⁄ )𝜏 (∆𝜇∆𝐽[hydrolysis])⁄ , as a function of external torque 𝜏 again for 
a 287-nm bead as load 10 and under the constant ∆𝜇 condition of Fig. 3a. Here W is the work done by 
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the 120º rotation, and ∆𝐽[hydrolysis] is the total excess flux caused by ATP hydrolysis, ∆𝐽LM +
∆𝐽NO + ∆𝐽PQ + ∆𝐽R#. It should be noted that the definition of 𝜂m for an isothermal molecular motor is 
different from the usual definition of the efficiency of a heat engine such as a Carnot cycle, 𝜂c =
𝑊 𝑄T⁄  with the heat provided by a high-temperature heat bath 𝑄T. For a heat engine, the definition 
of 𝜂m would rather correspond to 𝑊 (𝑄T − 𝑄?)⁄  with	the heat absorbed by a low-temperature heat 
bath 𝑄?, thus, a Carnot cycle always has 𝜂m = 1. At low external torques (below 15 pN nm/rad for 
the nucleotide concentrations used here), the torque dependence of 𝜂m agrees perfectly with that of 
the tight-coupling limit, 2𝜋𝜏 3∆𝜇⁄ . However, 𝜂m turns to decrease with further increase of the 
external torque	𝜏. The maximum of 𝜂m is found between 0.4 and 0.8 in this condition and the external 
torques at which the maximal efficiencies are obtained are less than 85 % of the torque expected for 
perfect efficiency (39.4 pN nm). The obtained maximum value of 𝜂m, 0.8, for ∆𝜇 = 20	𝑘W𝑇 is 
consistent with an experimentally determined value 0.72 for ∆𝜇 = 31.25	𝑘W𝑇 75, since the higher ∆𝜇 
is, the lower the maximum efficiency is, in a similar manner as the slight reduction of 𝑊stall from ∆𝜇 
(Fig. 2b and Fig. S3). The efficiency 𝜂m of the non-slip model follows the tight-coupling limit up to 
𝜏stall, where it suddenly drops down to zero due to small contributions of futile chemical slip cycles 
such as |1431>, |1231>, |7587>, and so on. In fact, the working cycle becomes very slow in the 
vicinity of stall torque 𝜏stall, thus these very slow futile chemical slip cycles occur during the long 
dwell times for rotation transitions.  
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Figure 3. Maximum work done by the 120º rotation at the stall torque 𝝉stall , 𝑾stall =
(𝟐𝝅 𝟑⁄ )𝝉stall. (a) ATP and ADP concentration dependence of 𝑊stall under the condition [ATP]=[ADP] 
and [Pi]=1 mM (i.e. under the constant ∆𝜇 condition). (b) ∆𝜇 dependence of 𝑊stall at varying 
[ADP] and [Pi] under fixing [ATP]= 10 µM. The conditions used in Figs. 3a and 3b are same as those 
in Figs. 2b and 2c, respectively. (c) Chemomechanical free-energy transduction efficiencies 𝜂m =
(2𝜋𝑉 3⁄ )𝜏 (∆𝜇∆𝐽[hydrolysis])⁄  of F1-ATPase as a function of external torque 	𝜏 with the use of a 
287-nm bead under the constant ∆𝜇  condition as in (a), where V is the rotation rate and 
∆𝐽[hydrolysis] is the total excess flux caused by ATP hydrolysis. In (a) and (b), the results without the 
mechanical slip transitions, i.e., those by the non-slip model, are also shown as red thick lines. In Fig. 
3b, the experimental values of 𝑊stall are plotted as a function of ∆𝜇 that is determined using Keq= 4.9 
x 1011 µM 8 as the equilibrium constant. In (c), 𝜂m in the tight-coupling limit is also shown as a black 
dashed line. The experimental results shown in (a) and (b) are based on the results provided by Toyabe 
et al. 10 
 
The energetics of ATP synthesis by F1-ATPase. Finally, we examine the impact of mechanical 
slip on the energetics of the F1 motor working in the synthase mode, i.e. synthesizing ATP while 
mechanically driven with a torque 𝜏 > 𝜏stall. Figure 4a shows the clockwise rotation rates as a 
function of the external torque in the synthase regime for the full eight-state model and the non-slip 
model in comparison with experimental data from ref. 64. All experiments shown in Fig. 4 used a 
300-nm bead ([ATP]=[ADP]=10 µM and [Pi]=1 mM, 64 thus ∆𝜇 was equal to 20.0𝑘B𝑇). The 
clockwise rotation rate obtained from the eight-state model exceeds that of the non-slip model and 
gives better agreement with the experimental data than the non-slip model, especially at high external 
torque. 
Figure 4b shows the heat that dissipates in the non-slip model during 120º rotation, 
𝑄`⌈non-slip⌉, and the experimentally determined heat that irreversibly dissipates during 120º rotation 
through the viscous friction of the probe, 𝑄probe` , 64 as a function of external torque. From the first law 
of thermodynamics, the heat that dissipates per unit time, 𝑄, and heat generated per 120º rotation, 𝑄`, 
are given by the difference between the input of mechanical work by the external torque and the 
free-energy gain due to the ATP synthesis as follows: 
𝑄 = −2𝜋𝜏𝑉 − ∆𝜇∆𝐽[synthesis],      (1a) 
𝑄` = −c2𝜋𝜏𝑉 + ∆𝜇∆𝐽[synthesis]d (3|𝑉|)⁄ 				(𝑉 ≠ 0),    (1b) 
where V is negative in the synthesis regime and ∆𝐽[synthesis] , which is equivalent to 
−∆𝐽[hydrolysis], is positive. In the tight-coupling limit, all heat 𝑄`[tight-coupling] irreversibly 
dissipates through the viscous friction of the probe; thus, it is obtained as (2𝜋 3⁄ )𝜏 − ∆𝜇 from Eq. 
(1b) using the tight-coupling condition |∆𝐽[synthesis] 𝑉⁄ | = 3. The heat that dissipates in the non-slip 
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model 𝑄`[non-slip] corresponds to the heat that dissipates through the viscous friction of the probe 
because the non-slip model is considered to be in nearly tight-coupling limit. However, 𝑄`[non-slip] 
seems to be slightly smaller than the experimentally determined 𝑄probe`  [Fig. 4b]. This is because the 
rotation rate by the non-slip model is lower than the experimental value as shown in Fig. 4a. 
Figure 4c shows the heat generated per unit time as obtained from the full eight-state model, 
𝑄, and from the non-slop model, 𝑄[non-slip], as a function of the external torque. For comparison, 
the experimental 𝑄probe value, which is determined by 𝑄probe = 3|𝑉| × 𝑄probe` , is also included (to 
calculate 𝑄probe, the theoretical value of the rotation rate V from the eight-state model was used which 
agreed well with the experimental values of V as seen in Fig. 4a). The comparison shows that the 
experimental heat, 𝑄probe, exceeds 𝑄[non-slip] = 3|𝑉[non-slip]| × 𝑄`[non-slip] for larger external 
torques. This is because |𝑉| becomes larger than |𝑉[non-slip]| when the external torque is increased 
and furthermore the heat generated through the viscous friction of the probe 𝑄probe`  is always larger 
than 𝑄`[non-slip], as shown in Fig. 4b, again due to |𝑉| > |𝑉[non-slip]|. On the other hand, the full 
eight-state model give values for the heat that slightly exceed the experimental values, even though the 
same rotation rate V is used to evaluate both. The difference can be interpreted as excess heat that is 
contained in	𝑄 but not 𝑄probe and that is irreversibly dissipated directly from the F1 synthase, not 
through the viscous load. Figure 4d plots this excess heat, 𝑄motor = 𝑄 −𝑄probe, as a function of 
external torque and shows that it increases with increasing torque.  
In a recent study, Kawaguchi et al. presented a totally asymmetric allosteric model 
(TASAM) where a potential is switched during chemical transitions under spatially continuous 
fluctuations of the g subunit rotation 52. They applied it to the experimental data by Toyabe et al. 10 and 
concluded that the ATP-synthesis regime is exothermic whereas the ATP-hydrolysis motor regime 
turns to being endothermic at the stall torque as a boundary 52. In the ATP synthesis regime, their result 
seems to be consistent with the result obtained here from the eight-state model, but in the 
ATP-hydrolysis regime the two models give opposite results. In addition, their model leads to the 
perfect free-transduction efficiency, 𝑊hijkk = Δ𝜇, under the stall torque condition, 𝐹hijkk = 3∆𝜇 2𝜋⁄  
(see the SI text), which is inconsistent with the experimental results by Toyabe et al. 10, as shown by 
Fig. 3. Furthermore, the absolute value of internal heat dissipation |𝑄motor ∆𝜇⁄ | is significantly larger 
in their model than in ours and the ∆𝜇 dependence of |𝑄motor ∆𝜇⁄ | is the opposite of ours (Fig. S4). 
Within our approach, the origin of the internal heat dissipation is different, as it results from 
mechanical slippage due to load torque, thus the internal heat dissipation is always exothermic and 
continuously varying by the load torque. On the other hand, the internal heat dissipation by their 
model is attributed to the irreversibility of the switching transitions, thus the switching transitions 
during the forward and backward rotation always causes endothermic and exothermic heat, 
respectively. Further support for our mechanical slip model is provided by the qualitative agreement 
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with the experimentally determined value of the mechanochemical coupling efficiency of ATP 
synthesis [Fig. S5a]. 
 
Figure 4. Mechanochemical coupling properties of the F1 synthase. (a) The rotation rates V 
determined by the experiment 64, the eight-state model, and the non-slip model; (b) heat per 120º 
clockwise rotation given by the non-slip model, 𝑄`[non-slip], and experimentally determined heat that 
irreversibly dissipates through the viscous friction of the probe, 𝑄probe`  64; (c) heat per unit time given 
by the experimental data using 𝑄probe = 3|𝑉| × 𝑄probe` , that by the eight-state model, 	𝑄, and that by 
the non-slip model, 𝑄[non-slip]; (d) heat per unit time, that directly dissipates from the F1 synthase 
calculated on the basis of both the experimental results and the theoretical results by the eight-state 
model, 𝑄motor = 𝑄 − 𝑄probe, are shown as a function of external torque (𝜏 × 2𝜋 3⁄ ) 𝑘B𝑇⁄  under the 
condition of ∆𝜇＝20.0𝑘B𝑇 where [ATP]=[ADP]=10 µM and [Pi]=1 mM. In (c), 𝑄 and 𝑄[non-slip] 
are given by −2𝜋𝜏𝑉 − ∆𝜇∆𝐽[synthesis], while the experimental 𝑄probe is determined via 𝑄probe =
3|𝑉| × 𝑄probe`  using V provided by the eight-state model shown (a). The experimental results shown 
here were provided by Toyabe et al. and used a 300-nm bead as the probe 64. 
 
Phosphate release as the driving force of 40˚ substep. In this study, we have used a 
chemomechamical network approach to address the efficiency of chemomechanical free energy 
transduction in one of the paradigmatic molecular motors, the rotary motor F1-ATPase. In addition to 
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represented by a network structure consisting of multiple mechanochemical cycles. Specifically, two 
models with the same network topology, but different chemical identities of the states, have been 
presented (Figs. 1b and 1d). In both models, ATP binding to the empty catalytic site at the loose 
packing state (the 3-to-1 transition) should be regarded as the trigger of the 80˚ substep, and 
subsequently the 80˚ rotation leads to the conformation transformation into the tight packing state. On 
the other hand, the impact of Pi release upon the 40˚ substep is different in the two models. In the 
model shown by Fig. 1b, Pi release (the 8-to-7 transition), resulting in an empty catalytic site, induces 
a large conformation change that can act as the trigger of the 40˚ substep. By contrast, in the model 
shown in Fig. 1d, a large conformational change, sufficient to trigger the 40˚ substep, might not be 
explained by the Pi release, since ADP remains in the catalytic site. 
Anyways, the obtained results with respect to the main working cycle and state 
probabilities at a saturating ATP concentration indicate that the 40˚ substep and Pi release are the first 
and second rate-limiting process, respectively, and the Pi release plays a crucial role on the torque 
generation by the 40˚ substep (see Fig. S6a). These results are consistent with experimentally observed 
high probability of 80˚ dwell 18 (see Fig. 1c). The primary rate-limiting 40˚ substep is triggered by the 
second rate-limiting Pi release following the 40˚ rotation. The 𝛾-subunit-angle dependence of Pi 
affinity experimentally observed by Watanabe et al. 62 suggests a large conformation change due to the 
Pi release. The second rate-limiting slow Pi release, which is also consistent with molecular dynamics 
simulations 44-46, would be responsible for the large conformation change that triggers the 40˚ substep. 
All these theoretical, computational, and experimental observations support the reaction scheme given 
by Fig. 1b rather than by Fig. 1d.  
 
∆𝝁-dependent efficiencies of F1-ATPase. F1-ATPase is a reversible rotary motor that also works 
as an ATP synthase under forced reverse rotation, which is also its function in vivo, where the rotation 
is driven by the Fo subunit of the Fo-F1 ATP synthase. In contrast to the two-headed linear molecular 
motors, kinesin-1 and myosin V, this reversibility suggests a high free-energy transduction efficiency 
of F1-ATPase. On the basis of precise single-molecule experimental data by Toyabe et al. 10 a 
possibility of nearly 100% free-energy transduction efficiency by F1-ATPase has been suggested. Here 
we have analyzed this issue with a chemomechanical network approach. Our quantitative analysis 
indicates that mechanical slip that occurs under high external torque needs to be incorporated into the 
model to explain the experimental data. The occurrence of mechanical slip limits the maximal 
efficiency to ~80% [see Fig. 3c] as a result of a trade-off between a reduction in the heat that 
dissipates through the viscous friction of the probe and an increase in the heat caused by the 
mechanical slip with increasing external torque. How can the free-energy transduction and ATP 
synthesis efficiencies by F1-ATPase be increased to be closer to the perfect free-energy transduction? 
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Our results show that the maximal work 𝑊stall approaches the value of the non-slip model as the 
chemical potential difference ∆𝜇 decreases (Figs. S3a and S3b). This is because the stall torque 𝜏stall 
depends on ∆𝜇, such that the higher ∆𝜇 the larger the stall torque 𝜏stall. As a consequence, the 
free-energy transduction efficiency 𝜂m approaches the perfect efficiency as ∆𝜇 decreases, whereas 
the maximum of work done by the motor, i.e., 𝑊stall decreases. In the same manner, the ATP synthesis 
efficiency by forced reverse rotation of F1-ATPase is affected by ∆𝜇 (Figs. S5a and S5b). Under 
physiological conditions, the synthesis efficiency is much higher than under the experimental 
conditions considered here (compare Fig. S5a and S5b) due to a lower ∆𝜇. In vivo, a high Pi 
concentration decreases ∆𝜇 and boosts the efficiency of ATP synthesis. 
 
Concluding remarks. We presented a chemomechanical network model of F1-ATPase that provides 
a quantitative description of the rotary motor dynamics driven by ATP hydrolysis as well as ATP 
synthesis caused by forced reverse rotation. The network model exhibits high reversibility, such that 
the ATP synthesis cycle corresponds to the reversal of ATP-driven motor cycle. However, our 
quantitative analysis demonstrated that torque-induced mechanical slip without any chemomechanical 
coupling occurs under high external torque. As a result, the free energy transduction efficiency is 
found to be rather high, but remains substantially below 100%. Thus, an important feature of 
F1-ATPase is that the stall condition is not a thermodynamic equilibrium and heat is irreversibly 
dissipated due to mechanical slipping, so that F1 consumes ATP in a futile manner, indicating that the 
optimal efficiency 𝜂m = 1, cannot be achieved by F1 even under stall torque conditions. Such 
irreversible heat dissipation at stall is a commonly observed phenomenon in biological nanomachines, 
since biomolecules are easily distorted by external force so that mechanical slips occur. In such 
imperfect chemomechanical coupling motors, the maximum transduction efficiency is governed by a 
trade-off between a reduction in heat dissipation through the viscous load and an increase in heat 
caused by the mechanical slip with increasing external force. 
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